Gene transcription is coordinately regulated by the balance between activation and repression mechanisms in response to various external stimuli. Ferritin, composed of H and L subunits, is the major intracellular iron storage protein involved in iron homeostasis. We previously identified an enhancer, termed antioxidant-responsive element (ARE), in the human ferritin H gene and its respective transcriptional activators including Nrf2 and JunD. Here we found that ATF1 (activating transcription factor 1) is a transcriptional repressor of the ferritin H ARE. Subsequent yeast two-hybrid screening identified PIAS3 (protein inhibitor of activated STAT3) as an ATF1-binding protein.
Iron is a vital element that participates in numerous metabolic functions in all organisms; however, excess iron is harmful because it catalyzes formation of hydroxyl radicals by reacting with hydrogen peroxide in the Fenton chemistry (1) . Hydroxyl radicals as well as other reactive oxygen species potentially damage cellular components such as proteins, membrane lipids, and nucleic acids, which have been implicated in the etiology of many human diseases and disorders including neurodegenerative disease, cancer, and aging (2) (3) (4) . Therefore, cells must tightly control cellular iron levels under various physiological conditions by storing excess iron in a nontoxic but bioavailable form.
Ferritin is the major intracellular iron-binding protein comprised of 24 subunits of the heavy (H) and light (L) chains (5) . The importance of ferritin is supported by its ubiquitous expression, highly conserved protein structure (6, 7) , and embryonic lethality in ferritin H knockout mice (8) . The H subunit has ferroxidase activity, which is involved in the oxidation and incorporation of ferrous iron into the ferritin shell, whereas the L subunit plays a role in the formation of the iron core (6, 7) . Post-transcriptional regulation of ferritin and the transferrin receptor by iron was elegantly characterized by experiments that showed iron-regulated interactions between trans-acting iron regulatory proteins and iron-responsive elements in these mRNAs (9 -11) . Ferritin expression is also regulated at the transcriptional level in an iron-independent manner during inflammation (12) , cell differentiation (13, 14) , and oxidative stress (15) .
We previously characterized and identified an antioxidantresponsive element (ARE) 3 involved in the transcriptional activation of the mouse (16) and human (17) ferritin H genes. The ARE is an enhancer element that contains an AP1-and/or Mafbinding sequence (18 -20) , to which Nrf2 (NF-E2-related factor-2) (21) binds and activates transcription of a variety of phase II detoxification genes including glutathione S-transferases, NAD(P)H quinone oxidoreductase 1, and heme oxygenase 1 (22) (23) (24) (25) . A similar ARE element was also identified in the human ferritin L gene (26) . Nrf2, a Cap'n'Collar basic region leucine zipper (b-Zip) family member, is also important for transcriptional activation of the ferritin H gene (27) and ferritin L gene (28) by chemopreventive agents. In addition, we demonstrated that other b-Zip transcription factors, such as JunD and JunB, are involved in activation of the ferritin H ARE (17, 29, 30) . Ferritin up-regulation under these stress conditions renders cells more resistant to the stress-mediated toxicity (31, 32) by reducing the labile iron pool (33) , which ultimately limits production of reactive oxygen species (34) .
ATF1 is a member of the b-Zip transcription factor family that includes CREB and cAMP-response element modulator (35) . These b-Zip transcription factors regulate target genes by forming homodimers or heterodimers within the family, as well as with other b-Zip transcription factors such as Jun and Fos family members, on an AP1-binding sequence or a cAMP response element (35, 36) . ATF1 expression is increased in transformed lymphocytes (37) and metastatic melanoma cells (38) and may contribute to growth potential of these tumor cells. ATF1 appears to act as either a transcriptional activator (39 -45) or repressor (46 -48) of genes involved in cell proliferation; however, the molecular mechanism controlling the diversity of ATF1 function on target genes remains unknown.
Extensive studies that focused on characterization of transcription factors that directly bind to an ARE identified Nrf2 as the major ARE-activating proteins (22) . By contrast, little is known about ARE repressors or involvement of transcriptional coregulators. Interaction of a cytoplasmic inhibitory protein Keap1 with Nrf2 was first reported by Yamamoto and co-workers (49) and is the best characterized mechanism of ARE regulation (22) . Recruitment of coactivators, corepressors, and post-translational regulation of transcription factors are critical determinants of expression of target genes. One such regulatory protein, PIAS3 (protein inhibitor of activated STAT3), was originally identified as a specific inhibitor of the STAT3 signaling pathway (50) . A growing body of evidence has shown that the PIAS family (PIAS1, PIAS3, PIASx, and PIASy) regulates a variety of cytokine/growth factor signaling pathways and transcription factors, including NF-B and SMADs, through protein-protein interactions (51) . It has also been demonstrated that the PIAS family has a conserved RING finger-like zinc binding domain that is involved in SUMO-E3-ligase activity and regulates activity of transcription factors such as SMAD4 (52) through sumoylation.
We previously identified ATF1 as a binding protein of the mouse ferritin H ARE (30) ; however, the role of ATF1 and an ATF1 regulatory protein in ARE enhancer activity remained uncharacterized. In this study, we report that ATF1 is a repressor of the human ferritin H ARE and that PIAS3 is an ATF1-binding protein, which counteracts ATF1 repressor function by diminishing its DNA binding in vivo in a sumoylation-independent manner. These results suggest a new role for PIAS3 in the transcriptional regulation of ferritin and in iron metabolism.
EXPERIMENTAL PROCEDURES
Cell Culture-K562 human erythroleukemia cells, purchased from ATCC, were cultured in RPMI 1640 medium supplemented with 25 mM Hepes, 0.3g/liter L-glutamine, and 10% fetal bovine serum (FBS, 35-010-CV; Mediatech). 293 cells (ATCC) were cultured in minimum essential medium containing Earle's balanced salt solution, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, and 2 mM L-glutamine and 10% FBS. These cells were incubated at 37°C in a humidified 5% CO 2 condition.
Yeast Two-hybrid Screening-Yeast two-hybrid screening of a mouse NIH3T3 pAct2 cDNA library (purchased from Clontech) was carried out using a full-length human ATF1 as bait with Saccharomyces cerevisiae strain PJ69-4A (MATa, 112, gal4⌬ , gal80⌬, GAL2-ADE2, LYS2:GAL1-HIS3, met2:GAL7-LacZ) (53) . PJ69-4A was transformed with pGBDATF1 (cultured on tryptophandeficient synthetic drop-out medium), and expression of a GAL4DBD-ATF1 fusion protein was confirmed by Western blotting with anti-ATF1 antibody. A single colony expressing the bait protein was transformed with 20 g of the NIH3T3 library cDNA by successive treatment of the yeast strain with 0.1 M lithium acetate, 44% polyethylene glycol 3350 for 30 min at 30°C and 10% Me 2 SO for 15 min at 42°C. Yeast cells transformed with the cDNA library were plated on tryptophan/ leucine/histidine-deficient synthetic drop-out agar medium containing 2 mM 3-aminotriazole. cDNA plasmids were recovered from 20 positive clones grown on the selection medium by mechanical extraction of plasmid DNA with glass beads (425-600 microns; Sigma) and transformation of Escherichia coli HB101 by electroporation (1300 V in 0.1-cm cuvette, BTX). HB101 transformed with the extracted cDNA were grown on M9/leucine-deficient agar media containing 50 g/ml ampicillin, followed by isolation of plasmid DNA, characterization with restriction enzymes, and DNA sequencing (SeqWright Co., Houston, TX). Two clones among the positive pool turned out to be identical, and both encoded the C-terminal region of mouse PIAS3.
DNA Transfection, Immunoprecipitation, and Western Blotting-293 cells were transfected with pCMVHA-ATF1, pCMVFLAG-PIAS3, and/or pCMVT7-SUMO1 by electroporation (Bio-Rad X-Cell) using a preoptimized setting developed by Bio-Rad. To detect ATF1-PIAS3 interaction in the cells, cell lysates were immunoprecipitated with anti-FLAG antibody (M2; Sigma) and protein A-agarose, followed by Western blotting with anti-HA antibody (HA11; Covance). For human ferritin H-luciferase reporter assays, cloning of the human ferritin H 5Ј upstream enhancer/promoter region and construction of luciferase plasmids were reported previously (17) . 0.5-1 g of a ferritin H luciferase plasmid containing ARE (Ϫ4.5 kb) or lacking ARE (Ϫ4.4 kb) was transiently transfected into K562 cells (1 ϫ 10 7 cells/100 l in a 0.2-cm gap cuvette) by electroporation (Bio-Rad X-Cell) or into 293 cells by JetPEI (according to the manufacturer's instructions; polyplus transfection) along with ATF1 and/or PIAS3 expression plasmids. As a internal control for transfection, 20 ng of pRL-CMV or pRL-EF (elongation factor promoter) was simultaneously transfected. Transfected K562 cells were then plated at a density of 2-3 ϫ 10 6 cells/ 60-mm plate containing 4 ml of the culture medium. After incubation for 36 -48 h, the cells were harvested, and luciferase activity was measured using dual luciferase assay reagent (Promega). Firefly luciferase expression driven by the ferritin H gene was normalized to Renilla luciferase expression or, in some experiments, by protein concentration of the cell extracts.
Chromatin Immunoprecipitation (ChIP) Assay-Binding of transfected or endogenous ATF1 to the ferritin H ARE was assessed by ChIP assay as described previously (17) . Briefly, 1 ϫ 10 7 K562 cells were transiently transfected with 1 g of HA-tagged ATF1 expression plasmid for 40 -48 h, followed by cross-linking chromatin with 1% formaldehyde and preparation of cell lysates using the ChIP assay kit (Upstate/Millipore). The cross-linked chromatin-DNA was sonicated with a Sonic Dismembrator (Fisher) for 12 cycles of pulses (10 s) and intervals (20 s). 1/10 aliquots of sonicated DNA were immunoprecipitated with 1 g of mouse IgG or anti-HA antibody (HA11; Covance), and semiquantitative PCR for the ferritin H ARE or a non-ARE region was performed using a primer set as shown below. Simultaneously 1/50 aliquots of each sonicated DNA were used for quantitative PCR to assess the amount of input DNA. To detect endogenous ATF1 binding to the ferritin H ARE, similar ChIP assays were performed using an ATF1-specific antibody (SC-243x; Santa Cruz Biotechnology). To study the effect of PIAS3 on the binding of ATF1 to the ferritin H ARE, 1 g of HA-tagged ATF1 expression plasmid was transfected into 1 ϫ 10 7 K562 cells together with 0, 2, or 9 g of pCMV-FLAGPIAS3 by electroporation, and a HA-ATF1-chromatin complex was immunoprecipitated with anti-HA antibody. Semiquantitative PCR was performed in the presence of 0.1 Ci of [␣-32 P]dCTP and the following PCR primers specific to the ferritin H ARE or another sequence in the ferritin H gene that does not contain the ARE: ferritin ARE primers: 5Ј-CCCTCCAGGTCTTATGACTGCTC-3Ј and 5Ј-GTTT-CTGGAGGTTCAGCACGTC-3Ј; ferritin non-ARE primers: 5Ј-ACATAGTACTTCATTAAACATACAAAT-3Ј and 5Ј-TCTTCTGAGGCTGTCAGAAGC-3Ј.
Small Interfering RNA (siRNA) Transfection-In ATF1 siRNA experiments, two different transfection methods (electroporation and Lipofectamine 2000) were used in 293 cells. For electroporation, final 20, 100, or 500 nM of siATF1 (J-010045-08, sense 5Ј-GAUCCGAACUACACCUUCAUU-3Ј, and antisense 5Ј-UGAAGGUGUAGUUCGGAUCUU-3Ј; Dharmacon) or nontargeting siControl (D-001210-01, sense 5Ј-UAGCGA-CUAAACACAUCAAUU-3Ј, antisense 5-UUGAUGUGUUU-AGUCGCUAUU-3Ј; Dharmacon) RNA were transfected into 1 ϫ 10 7 293 cells using Gene Pulser X-Cell (Bio-Rad preoptimized setting for 293 cells) in medium without FBS or antibiotics. After incubation of cells in the cuvette for 5-10 min at room temperature, the cells were suspended in 10 ml of FBS/antibiotic-free OptiMEM (Invitrogen) and incubated for 48 h in a 100-mm dish. For Lipofectamine-mediated transfection, 40, 200, and 400 pmol of siATF1 or siControl RNA (final 40, 200, and 400 nM) was mixed with 5 l of Lipofectamine 2000 (Invitrogen) in 500 l of FBS/antibiotic-free OptiMEM. The resulting RNA-lipid complexes were incubated for 30 min at room temperature. 2 ml of growth medium (1 ϫ 10 5 293 cells/well in 6-well plate) was aspirated, and 500 l of OptiMEM (FBS/antibiotic-free) and 500 l of the Lipofectamine 2000-siRNA mixture was added to 293 cells and incubated for 48 h. To detect expression of ATF1, ferritin H, and ␤-actin, 50 g of whole cell lysates was subjected to Western blotting with anti-ATF1 (sc-243; Santa Cruz Biotechnology), anti-ferritin H (sc-25617; Santa Cruz Biotechnology), and anti-␤-actin (A5441; Sigma) antibodies. Total RNA was also isolated using TRIzol (Invitrogen), and 10 g of RNA was subjected to Northern blotting with 32 P-labeled human ferritin H cDNA probe. In PIAS3 siRNA experiments, 100 pmol of two different siRNAs (final concentration, 1 M) for human PIAS3 (M-004164-05, sense 5Ј-GGAGCCAAAUGUGAUUAUAUU-3Ј, and antisense 5Ј-UAUAAUCACAUUUGGCUCCUU-3Ј; J-004164-12, sense 5Ј-GACAGAGAGUCAGCACUAUUU-3Ј, and antisense 5Ј-AUAGUGCUGACUCUCUGUCUU-3Ј; Dharmacon) or siControl RNA (D-001210-01; Dharmacon) was transfected into 1 ϫ 10 7 K562 cells by electroporation using Gene Pulser X-Cell (Bio-Rad, a preoptimized setting for K562) without FBS or antibiotics. 4 h after transfection, FBS was added to a final 20%, and the cells were incubated for 40 h. The cells were then treated with 50 M t-BHQ or hemin for 8 h and harvested. The cell lysates were subjected to Western blotting to detect PIAS3, ferritin H, and ␤-actin expression levels using anti-PIAS3 (AP1245a; Abgent), anti-ferritin H (sc-25617) and anti-␤-actin (A5441; Sigma) antibodies. Total RNA was also isolated, and 10 g of RNA was subjected to Northern blotting for hybridization with 32 P-labeled human ferritin H cDNA probe.
RESULTS

ATF1 Binds to the Ferritin H ARE and Represses Its
Transcription-To investigate the role of ATF1 in the regulation of the ferritin H ARE, we first performed ChIP assay for ATF1 binding to the ferritin H ARE in the cells. Transfection of HA-ATF1 into K562 cells, followed by ChIP assay, revealed that transfected HA-ATF1 binds to the ARE of the ferritin H gene in the cells (Fig. 1A) . We also detected endogenous ATF1 binding 32 P]dCTP and primer sets for the ferritin H ARE and non-ARE (the primer sequences under "Experimental Procedures"), followed by 8% polyacrylamide gel electrophoresis and autoradiography. 0.5 pg of Ϫ5.2-kb ferritin H-luciferase plasmid DNA was used as a template of the PCR positive control and size marker of the PCR-amplified 155-bp DNA for the ferritin H ARE and non-ARE regions. A representative of three independent experiments is shown. B, 1 ϫ 10 6 K562 cells were subjected to ChIP assay to see the endogenous ATF1 binding to the ferritin H ARE using an anti-ATF1 family or an ATF1-specific antibody. Input DNA as well as ChIP DNA samples were amplified by PCR in the presence of [ 32 P]dCTP, and the amplified 155-bp DNA was visualized by 8% acrylamide gel electrophoresis and autoradiography. A representative of four independent experiments is shown.
to the ferritin H ARE in K562 cells in ChIP assay using ATF1 antibodies (Fig. 1B) . These results indicate that ATF1 is a binding protein of the ferritin H ARE.
We then asked whether ATF1 regulates ferritin H transcription through the ARE. Varied amounts of ATF1 expression plasmid were transfected into K562 cells along with the Ϫ4.5-kb human ferritin H luciferase reporter that contains the ARE sequences or the Ϫ4.4-kb human ferritin H luciferase reporter that lacks the ARE, and luciferase assays were performed. Unexpectedly, ATF1 repressed expression of the ferritin H luciferase containing the ARE (Ϫ4.5-kb ARE (ϩ)), whereas the luciferase construct lacking the ARE (Ϫ4.4-kb ARE (-)) showed decreased basal expression and no response to ATF1 (Fig. 2A) . To confirm this observation, and to assess the function of endogenous ATF1 on ferritin H expression, we performed knockdown of ATF1 by transfection of siATF1 RNA and examined ferritin H expression by Northern and Western blots. We also attempted treatment with either tert-butylhydroquinone (t-BHQ) or hemin, both of which induced the transcription of the human ferritin H gene through the ARE (17, 56) . As shown in Fig. 2 (B and C) , ATF1 knockdown increased endogenous ferritin H protein and mRNA expression, both at the steady state and the t-BHQ or hemin-mediated induced levels, suggesting that endogenous ATF1 is a repressor of the ferritin H gene. From these collective results, we concluded that ATF1 is a transcriptional repressor of the human ferritin H gene through the ARE.
PIAS3 Is an ATF1-binding Protein and Reverses ATF1-mediated Transcriptional Repression of the Ferritin H Gene
through the ARE-To investigate ATF1-mediated regulation of the ferritin H ARE, we employed yeast two-hybrid screening to identify ATF1-binding proteins that may regulate ATF1 activity through a protein-protein interaction. We screened a NIH3T3 mouse cDNA library using a full-length human ATF1 as bait and identified a cDNA encoding C-terminal 212 amino acids (amino acids 418 -630) of PIAS3 (Fig.  3A) . Because PIAS3 is highly conserved in its amino acid sequences between mouse and human (97%) including the C-terminal region isolated from our two-hybrid screening, we investigated the role of human PIAS3 in the regulation of human ATF1 transcription factor throughout the rest of this study. First, we confirmed the interaction between PIAS3 and ATF1 in mammalian cells by coimmunoprecipitation assays. Full-length FLAG-PIAS3 and HA-ATF1 expression plasmids were cotransfected into 293 cells. The cell lysates were subjected to immunoprecipitation with anti-FLAG antibody and Western blotting with anti-HA antibody. Under the condition of equal expression levels of HA-ATF1 and FLAG-PIAS3 (Fig. 3B, middle and bottom panels) , HA-ATF1 was coprecipitated only when FLAG-PIAS3 was . After 48 h of transfection, the cells were treated with 10 M t-BHQ or 10 M hemin for 24 h, and total RNA and whole cell lysate were isolated. 5 g of total RNA was subjected to Northern blotting probed with 32 P-labeled ferritin H cDNA. Ethidium bromide staining of total RNA is shown below to verify equal loading and integrity of RNA. The positions of 28 and 18 S ribosomal RNA are indicated. 50 g of whole cell lysates were used for Western blotting to detect endogenous ATF1 expression levels with anti-ATF1 antibody.
expressed in the cells, although an unidentified nonspecific band with a slightly larger size than the HA-ATF1 band was also detected in all three lanes (Fig. 3B, top panel) . Then we examined the endogenous PIAS3 and ATF1 interaction by immunoprecipitation with anti-PIAS3 antibody followed by Western blotting with the anti-ATF1 family antibody (crossreactive to CREB and cAMP-response element modulator). As shown in Fig. 3C , PIAS3 antibody coimmunoprecipitated endogenous ATF1 as well as CREB, whereas control IgG failed to precipitate these proteins. Collectively, these results indicate that human PIAS3 is an ATF1-binding protein.
To investigate role of PIAS3 on ATF1 function and ferritin H transcription, we cotransfected Ϫ4.4-kb ARE(-)-or Ϫ4.5-kb ARE(ϩ)-ferritin H-luciferase reporter along with PIAS3 into K562 cells to test whether PIAS3 activates or inhibits the ferritin H ARE. As shown in Fig. 4A , PIAS3 specifically activated Ϫ4.5-kb ARE(ϩ) reporter expression. Next, we asked whether PIAS3 modulates the repressive effect of ATF1 on the ferritin H ARE. Transfection of Ϫ4.5-kb ARE(ϩ)-ferritin H-luciferase reporter together with ATF1 and varied amounts of PIAS3 into K562 cells showed that ATF1 reproducibly repressed ferritin H AREluciferase and that the ATF1-mediated ARE repression was reversed by increased amounts of PIAS3 (Fig. 4B ). This reversal effect was not due to decreased expression of ATF1 after cotransfection with PIAS3 (Fig. 4B, bottom panel) . We obtained similar results in 293 cells, showing that the reversal effect of ATF1 repression by PIAS3 was dependent on the presence of the ferritin H ARE (Fig.  4C) . Thus, we concluded that PIAS3 overrides ATF1-mediated transcriptional repression of the human ferritin H gene through the ARE.
ATF1 Is Sumoylated in a PIAS3-independent Manner-It has recently been reported that CREB is activated by sumoylation at lysine 285 and lysine 304 under hypoxic conditions (54) . CREB and ATF1 belong to the b-Zip family of transcription factors with highly conserved amino acids including these two lysine residues; one is Lys 215 and another is Lys 234 of ATF1 (supplemental Fig. S1B ). Because PIAS3 has SUMO E3-ligase activity and modulates functions of various targeted proteins (55), we first tested whether ATF1 is sumoylated at Lys 215 or Lys 234 and whether PIAS3 is involved in this ATF1 sumoylation. Our results of cotransfection of PIAS3, ATF1, and SUMO1 followed by Western blot analysis suggested that ATF1 can be sumoylated, but PIAS3 does not play a major role in the SUMO1-mediated ATF1 sumoylation at Lys 215 and Lys 234 (supplemental Fig. S1 ). In addition, mutations in the two sumoylation sites of ATF1 (K215R, K234R, and K215/234R) did not affect PIAS3 function for the reversal of ATF1-mediated ARE repression (supplemental Fig. S2 ). To confirm these results, we tested whether the E3-SUMO ligase domain of PIAS3 is important for the reversal effect on the ATF1-mediated ARE repression. PIAS3 1-395, which is composed of the N-terminal 395 amino acids of PIAS3 and contains both the RING finger-like zinc-binding domain and the PINIT motif for the SUMO E3-ligase activity but lacks the C-terminal ATF1 interaction domain (amino acids 418 -630 of the mouse PIAS3; Fig. 3A ), failed to reverse ATF1-mediated ferritin H repression (Fig. 5) . In contrast, PIAS3 395-619, which does not have the SUMO-E3 ligase domain but contains the ATF1 interaction domain, showed a reversal of ATF1-mediated ferritin H repression as efficient as wt PIAS3 (Fig. 5) . We therefore concluded that derepression of ATF1 activity on the ferritin H ARE by PIAS3 is not due to sumoylation-mediated activation of ATF1 transcriptional function by PIAS3.
PIAS3 Decreases DNA Binding of ATF1 to the Ferritin H AREBecause PIAS3 did not enhance ATF1 transcriptional activity, we examined the possibility of inhibition of ATF1 binding to the ferritin H ARE through interaction with PIAS3. To address this, K562 cells were transfected with HA-ATF1 plasmid along with increasing amounts of FLAG-PIAS3 , and transformed colonies were tested for their growth on SD-adenine deficient agar plate. pGBDATF1 is a human full-length ATF1, and pAct2 PIAS3 is a mouse C-terminal PIAS3 isolated from pAct2 NIH3T3 cDNA library. B, 1 g of pCMVHA-hATF1 and 9 g of pCMVFLAG-hPIAS3 were transfected into 293 cells, and cell lysates were subjected to immunoprecipitation (IP) with anti-FLAG antibody followed by Western blotting (WB) with anti-HA antibody (top panel), or whole cell lysates were subjected to Western blotting with anti-HA antibody (middle panel) or anti-FLAG antibody (bottom panel). pCMVHA-ATF1 transfected cell lysate was simultaneously loaded on the IP/WB gel to identify the HA-ATF1 band. A representative of four independent experiments is shown. C, 800 g of 293 whole cell lysates were immunoprecipitated with 1 g of rabbit IgG or anti-PIAS3 antibody, followed by Western blotting with anti-ATF1 family antibody. 50 g of whole cell lysates were used for Western blots of ATF1/CREB and PIAS3 to confirm the positions of these proteins in the SDS-PAGE gel. A representative of three independent experiments is shown.
plasmid and detected HA-ATF1 binding to the ferritin H ARE in ChIP assays. Without PIAS3 transfection, specific interaction between HA-ATF1 and the ferritin H ARE was confirmed by increased amounts of the 155-bp PCR product derived from ChIP DNA precipitated with anti-HA antibody, compared with control IgG (Fig. 6 ). This ATF1-ferritin H ARE interaction was diminished by increased expression of PIAS3 (Fig. 6 ). PIAS3 expression did not alter ATF1 expression levels (Fig. 6, bottom panels) , suggesting that PIAS3 inhibits binding of ATF1 to the ARE. These results also suggest that PIAS3 ultimately serves as an activator of basal ferritin H expression (Fig. 4) at least in part through blocking binding of ATF1 to the ferritin H ARE.
We previously demonstrated that induction of oxidative stress by either t-BHQ or hemin treatment induces the transcription of the human ferritin H gene through the ARE (17, 56) . To investigate the role of endogenous PIAS3 in AREmediated ferritin H gene expression, PIAS3 expression was transiently blocked by transfection of PIAS3 siRNA into K562 cells, and t-BHQ-or hemin-mediated induction of ferritin H was examined by Western and Northern blots. As shown in Fig. 7 , PIAS3 knockdown decreased both basal expression and t-BHQor hemin-mediated induction of ferritin H mRNA and protein. This is consistent with the fact that an ARE regulates both basal transcription and oxidative stress-mediated activation of ferritin H (56) . Taken together with the results in Fig. 6 showing the inhibition of ATF1 binding to the ferritin H ARE by PIAS3, these results suggest that PIAS3 ultimately serves as an activator of the ferritin H expression at least in part by abrogation of the ATF1 repressor function on the ferritin H ARE.
DISCUSSION
Tight regulation of iron homeostasis in erythroid cells is essential not only for supply of sufficient iron during heme synthesis but also for cell defense against oxidative stress (6, 57) . Ferritin plays a pivotal role in storage of surplus of intracellular free iron and belongs to a group of antioxidant genes that are transcriptionally regulated through the ARE (16, 17, 26, 56) . Studies of transcription factors that activate an ARE demonstrated that Nrf2 is an important transcription factor (22) (23) (24) . In addition to Nrf2, we and others reported that some other AP1/ Maf family members, such as JunD (17) and Nrf1 (58, 59) , are transcriptional activators of the ferritin gene and other antioxidant genes that are regulated through the ARE.
In this study, we identified ATF1 as a binding protein to the ferritin H ARE that serves as a transcriptional repressor (Figs. 1 and 2 ). ATF1 is involved in regulation of cell growth and differentiation through transcriptional activation of hypoxia-inducible genes, such as p21waf1/cip1, enolase, and erythropoietin in cortical neuronal cells (43) , CCAAT/enhancer-binding proteins-␤ and -␦ (C/EBP-␤ and -␦) in preadipocytes (40, 44) , egr-1 (the early growth response gene-1) (42), transforming growth factor-␤2 (41), histone H4 (60), and a breast cancer susceptibility gene, BRCA1 (39) . ATF1 is also one of the transcription factors that induces the type II hexokinase gene associated with high glucose metabolism in many cancer cells (45) .
In addition to ATF1-mediated transcriptional activation, ATF1 also represses several genes with tumor-suppressive functions such as retinoblastoma, gelsolin, and thrombospondin-I through a CREB/ATF1-binding site (46 -48) . 5 g of pCMVFLAG-PIAS3 (the total amount of plasmid DNA was made up to 1 g by adding pCMVFLAG empty vector). Cells were harvested after 36 h, and luciferase activity was measured. Expression of firefly luciferase was normalized by that of Renilla luciferase, and the value in Ϫ4.5-kb ferritin H-luciferase with no PIAS3 was defined as 100%. The results of three independent experiments and standard errors are shown. B, 1 ϫ 10 7 K562 cells were electroporated with 0.5 g of Ϫ4.5-kb ferritin H-luciferase and 1 g of pCMV-HAATF1 together with varied amount (0.25, 0.5, and 1 g) of pCMVFLAG-hPIAS3. The cell lysates were prepared 36 h after transfection and subjected to luciferase assays and Western blotting of HA-ATF1 (bottom). Fold induction of luciferase expression was determined by setting the luciferase reading of no ATF1, no PIAS3 (transfected with the empty vectors) as 100%, and three independent experiments and standard errors are shown. C, 293 cells were transfected with 50 ng of Ϫ4.5 (ϩARE) or Ϫ4.4 (ϪARE) ferritin H-luciferase promoter together with indicated amounts of HA-ATF1 and/or FLAG-PIAS3 expression vector using the Jet-PEI transfection reagent. The total amount plasmid DNA in each transfection was equalized to 500 ng by adding pCMV empty vector. 48 h after transfection, the cells were harvested for luciferase assay and Western blotting of HA-ATF1. The luciferase value of the Ϫ4.5-kb ARE (ϩ) reporter along with the empty vectors was defined as 100%. The means and standard errors from four independent experiments are shown.
Therefore, ATF1 can function as a transcriptional activator or a repressor. The function of ATF1 in regulating target gene expression may depend on the particular target genes regulated by ATF1-binding enhancer sequences, ATF1-binding partners, and phosphorylation status of ATF1; however, the molecular mechanism that determines transcriptional activation or repression by ATF1 remains unknown.
To better understand ATF1-mediated regulation of the ferritin H transcription via the ARE enhancer, we carried out yeast two-hybrid screening and identified PIAS3 as an ATF1-binding protein (Fig. 3) . Proposed or demonstrated mechanisms of PIAS-mediated transcriptional regulation are: 1) PIAS represses or activates transcription of target genes by sumoylation of transcription factors (55); 2) PIAS blocks DNA binding ability of transcription factors through protein-protein interactions (50); and 3) PIAS proteins recruit transcriptional coregulators, such as histone deacetylases (61) or p300/CREB-binding protein (62) .
Our results in this study suggested that PIAS3-mediated activation of the human ferritin H gene via the ARE was not due to PIAS3-mediated ATF1 sumoylation of Lys 215 and Lys 234 (supplemental Figs. S1 and S2) but rather due to PIAS3-mediated blockade of ATF1 binding to the ferritin H ARE in cells (Fig. 6 ). To test whether PIAS3 inhibits ATF1 binding to the ferritin H ARE in vitro, we performed gel shift assays using purified recombinant ATF1 (His-tagged ATF1 or GSTATF1) and recombinant PIAS3 (His-tagged PIAS3). Our repeated experiments showed that recombinant PIAS3 did not inhibit ATF1 binding to the ferritin H ARE in vitro (data not shown); presumably, the ATF1-PIAS3 complex might be very unstable in in vitro binding assay conditions.
PIAS3-mediated regulation of ATF1 may be similar or related to PIASx-mediated inhibition of Stat4 or PIASy-mediated inhibition of Stat1, in which these PIAS proteins inhibit Stat1 and Stat4 transcription factors but do not inhibit in vitro DNA binding activity in gel retardation assays (63, 64) . Our ChIP assay results showing decreased ATF1 binding to the ferritin H ARE by PIAS3 (Fig. 6) suggest that, for instance, PIAS3 may sequester ATF1 prior to the ferritin H ARE binding, or PIAS3 may need an additional cofactor(s) to inhibit ATF1 binding to the ferritin H ARE in vivo. Because ATF1 is a repressor of the ferritin H ARE (Fig. 2) , sequestering ATF1 from the ARE by PIAS3 may ultimately allow other activators, such as Nrf2 and JunD (17, 56) , to bind and activate the ARE. It is also likely that PIAS3 may have a direct activation function with regard to the ARE through chromatin remodeling. It has recently been shown that PIAS family members alleviate chromatin compaction, leading to transcriptional activation of target genes (65, 66) . Because PIAS3 has a zinc finger-like motif in its sequence (51), we also tested whether PIAS3 directly binds to the ferritin H ARE sequence by gel mobility shift assays. However, we did not observe a retarded PIAS3-ferritin H ARE band (data not shown). These results suggest that the competition of the ferritin H ARE binding between PIAS3 and ATF1 does not appear to be the mechanism by which PIAS3 overrides ATF1-mediated transcriptional repression of the ferritin H ARE. 7 K562 cells were transfected with 1 g of pCMV-ATF1 together with 0, 2, or 9 g of pCMVFLAG-PIAS3 for 48 h, and ChIP assay was carried out using antimouse IgG or anti-HA antibody. Input DNA as well as ChIP DNA samples were PCR-amplified in the presence of [ 32 P]dCTP and a set of primer to amplify 155 bp containing the ferritin H ARE (left) or a non-ARE region (right). 0.5 pg of pBluescript-5.2-kb ferritin H-luciferase plasmid DNA was simultaneously amplified in the same PCR condition for a positive control of PCR and a size marker. The samples were subjected to 8% acrylamide gel electrophoresis and autoradiography. The transfected K562 cell lysates were also used for Western blotting (WB) with anti-HA and anti-FLAG antibodies to confirm the expression of HA-ATF1 and FLAG-PIAS3, respectively. The experiment was repeated three times, and the representative results are shown. IP, immunoprecipitation. FIGURE 5. SUMO-E3 ligase domain of PIAS3 is not required for the override of ATF1-mediated ferritin H ARE repression. 50 ng of Ϫ4.5-kb ferritin H-luciferase reporter was transfected into 293 cells together with HA-ATF1 (100 ng) and FLAG-PIAS3 expression plasmid (wt, 250 ng; 1-395, 500 ng; 395-619, 125 ng, in which the varied amounts of wt and mutant PIAS3 plasmids were used to attain comparable expression levels). The total amount plasmid DNA in each transfection was equalized to 650 ng by adding pCMV empty vector. 48 h after transfection, the cells were harvested for luciferase assay. The luciferase value of the Ϫ4.5-kb ARE (ϩ) reporter along with the empty vectors was defined as 100%. The means and standard errors from four independent experiments are shown. Comparable expression levels of transfected ATF1 and PIAS3 (wt and mutants) were verified by Western blots (bottom). RLD, RING finger-like zinc-binding domain.
Currently, we do not have evidence showing how ATF1 represses transcription of the ferritin H ARE. However, in our yeast two-hybrid screening with ATF1 as bait, we isolated several uncharacterized cDNA clones in addition to PIAS3, some of which appear to show transcriptional corepressor activities in our preliminary luciferase reporter experiments. 4 Further investigation will be necessary to delineate the molecular mechanism by which ATF1 represses ARE enhancer activity.
What is the biological significance of ATF1-mediated ferritin H repression? ATF1 is overexpressed in many transformed lymphocytes (37) and in metastatic melanoma cells (67) . In addition, a gene fusion between EWS (Ewing's sarcoma protein) and ATF1 by t(12;22) chromosomal translocation was found in clear cell sarcoma (68) . The EWS/ATF1 chimeric transcription factor plays a role in maintaining tumor cell viability because anti-ATF1 single chain antibody inhibiting the EWS/ATF reduced viability of clear cell sarcoma (69) and also suppressed tumorigenicity and metastatic potential of melanoma cells (38) . According to the results presented in this study, we speculate that some of these cancer cells with increased ATF1 activity may have decreased expression of the ferritin H gene through the ARE-mediated transcriptional repression. This appears to be advantageous to the tumor cell growth because several lines of evidence indicated that down-regulation of ferritin H increases the labile iron pool in K562 erythroleukemic cells and other cancer cells, which allows enhanced cell growth and tumorigenicity (70, 71) . This is also consistent with our previous finding that NIH3T3 mouse fibroblasts transformed with the adenovirus E1A oncogene showed transcriptional repression of the ferritin H gene (29, 72) .
In summary, ATF1 is a transcriptional repressor of the human ferritin H gene through the ARE. PIAS3 binds ATF1, but did not play a major role in SUMO1-mediated ATF1 sumoylation or induction of ATF1 transcription activity. PIAS3-mediated sequestration of ATF1 from the ARE appears to be the mechanism by which ferritin H expression is up-regulated. Our study proposes that ATF1 and PIAS3 are new regulatory proteins of the ferritin ARE and perhaps other phase II detoxification genes regulated by AREs.
